A novel analytical method which includes absorbance measurements by using stopped-flow apparatuses was developed, which can be applied to determine absorbance changes as low as 0.002 O.D, with good precision in a time range of less than seconds, even for background absorbances of 1.5 to 2.0 O.D. This method, termed "stopped -flow time difference analysis" (abbreviated to SFTDA), utilizes the progress curve of a reaction for both quantitative and qualitative analyses, based on the absorbance change and the rate of reaction, respectively. A differential kinetic analysis of mixed components is possible, due to the different reaction rates of the components, which can also be effective to exclude interference by coexisting materials. Several examples of the applications of the SFTDA method with macro-apparatuses are described, which include a determination of ascorbic acid down to 10-' M, a highly sensitive determination of inorganic phosphate of ppb and sup-ppb level in environmental water, and an improvement in several characteristics of the methods for protein determination.
Absorbance measurements, most commonly used with a spectrophotometer in analytical chemistry, have generally been believed to be less sensitive than luminescence (fluorescence, phosphorescence, chemiand bio-luminescence) measurements.
The lower limit of a spectrophotometric determination is usually of the order of 10-5-10-6 M, depending on the absorption coefficient difference of the concerned samples. However, the absorbance measurement has a merit in that it is generally less susceptible to interference by coexisting substances than the luminescence methods.
If the sensitivity of absorbance measurements could be increased by a factor of one hundred, it would be a much more useful analytical method than before. In the early 1960's, a commercial product, Gibson-Durrum apparatus3, first appeared and was widely distributed throughout the world. In Japan, a versatile stopped-flow apparatus of higher performance (minimum dead time of 0.5 ms), capable of measuring fluorescence and optical rotation, as well as absorbance, was built. 4 To the authors' knowledge, at least, the first application to analytical chemistry of the stopped-flow method was done by Pausch and Margerum in 1969. 5 By using a metal ion-exchange reaction in metalchelate complexes (the ligand being trans-l,2-diaminocyclohexane-N,N,N',N'-tetraacetate (CyDTA), a mixed solution containing Cat, Mgt, etc. was the object of the "differential kinetic analysis" based on the difference in the metal ion-dependent rate of replacement with Pb2+, in the concentration range of 10^4-10-5 M.
In our laboratory, a reaction between 2,6-dichlorophenolindophenol (DCIP) and ascorbic acid (AA) at pH 2-4 has been found to be useful for testing the performance of stopped-flow apparatuses.6 At large excess of ascorbic acid over dye, the reaction follows, at least apparently, pseudo-first-order kinetics, and the apparent first-order rate constant, kapp, is proportional to the concentration of ascorbic acid, [AA] . This proportionality provides us with a good criterion for judging whether or not the apparatus is operating correctly (see Fig. 1 ). At the same time, it can be used as the rate assay of ascorbic acid', having a large dynamic range ([AA] from 0.5 µM to 50 mM) corresponding to kapp value from 0.26 to 2600 s-' (the corresponding half-times are 2.7 s-270 µs). 6 This reaction has been used for determining the dead time of the stopped-flow apparatus. 8 This rate assay of ascorbic acid with the stopped-flow technique is convenient, fast, and automatizable by the use of a personal computer. However, the measurable lower limit of a sample is imposed by the necessary
If we use the opposite situation in which the dye is in excess over ascorbic acid, the absorbance change (AA) due to stoichiometric consumption of the dye by ascorbic acid is proportional to [AA] to be determined, and the apparent first-order rate constant, kapp, in this case, is equal to the product of the second-order rate constant, k2, and the dye concentration, [DCIP] (kapp=k2 [DCIP] ). The absorbance change AA can be used for a quantitative analysis of ascorbic acid, whereas the rate constant k2 (or kapp) may be used for a qualitative analysis of ascorbic acid, since its value is specific for ascorbic acid. Thus, for an excess of the dye, a single progress curve of the reaction can give two kinds of information, AA and k2, each of which is useful for quantitative and qualitative analyses, respectively. 9 We call the analytical method, either rate assay or end-point assay, based on a progress curve obtained with the stopped-flow technique, "stopped-flow time difference analysis".
We have been focusing our attention to utilize this method as a novel "fast and highly sensitive analytical method" with absorbance measurement (down to the concentration range of 10-'-10-$ M), which had been thought to be less sensitive than luminescence methods. This is in contrast with the Margerum's "differential kinetic analysis" with the stopped-flow methods, in the sense that their main aim has been a separate determination of similarly reacting compounds in their mixture in a rather higher concentration range (10-4 -10-5 M). The stopped-flow time difference analysis, simply abbreviated to SFTDA, has the following advantages compared with the conventional absorbance measurement with a common spectrophotometer.
1. The absorbance change (AA), from which the quantitative analysis is performed, can be read from the reaction curve of the stopped-flow trace at any suitable time. AA values as small as 0.002 O.D. can be obtained in good precision, since the value can be read directly from the reaction curve without any reference solution, Fig. 1 3. A single stopped-flow trace (the reaction curve) can give two parameters, the absorbance change (AA) and the rate or the rate constant. The former is used for the quantitative analysis of the sample to be measured in the end-point assay mode, and the latter can be used for characterization (or the qualitative analysis) of the sample (see Fig. 2 below) . In this way, the differential kinetic analysis of the Margerum style, that is, a separate determination of more than one compound in their mixture, can also be made.
4. The measurement is fast; usually a single run can be performed in less than or in the order of seconds. If necessary, an accumulation of data is possible to improve the signal-to-noise (S/ 1V) ratio and, thus, the precision, too.
Several examples of the application of the SFTDA method will be described below.
Application of the Stopped-Flow
Time Difference Analysis
Ascorbic acid
The first example of the application of the SFTDA method for both quantitative and qualitative analyses was for ascorbic acid.9 Under the condition that the ascorbic acid concentration is much lower than that of the dye (DCIP), [AA] is proportional to the absorbance cange (AA) and the apparent first-order rate constant (kapp) is invariant at fixed [DCIP] and gives a value characteristic of ascorbic acid. Figure 2 shows an example of the stopped-flow traces, from which the values of AA and kapp can be obtained with a good precision.
For apparent first-order reactions, the Guggenheim plot10 or Kezdy-Swinbourne plot'' 3 is useful, in addition to the ordinary first-order plot (log(x~-x:) vs. I plot, where x1 is the magnitude of the observed signal at time t, and x,, that at t=oo), since the first two methods can afford to give kapp without knowing the value x,,, as well as the AA value at t=oo. Strictly, the AA value, thus obtained, should be corrected for the absorbance change which occurs within the dead time (td) of the stopped-flow apparatus employed. The true total absorbance change AA,o, corrected for the dead time td is given by
where AA is the absorbance change actually observed with the stopped-flow measurement. Since kapp= 0.693/ t,72, where t,12 is the half-time of the reaction, the correction factor, the exponential term in Eq. (1), will be less than 1.01 (error of 1%) when (td/t,/2) is less than 0.014; for example, with an apparatus of td=3 ms, the correction for the dead time is not more than 1% for a reaction of t,12 longer than 214 ms.
The calibration curve for the quantitative analysis of ascorbic acid obtained by the SFTDA method is shown The total absorbance change, AA, at 524 nm, obtainable from the stopped-flow trace ( Fig. 2) , is plotted against the ascorbic acid concentration [AA].
[DCIP] was fixed at 100 µM.
in Fig. 3 . It can be seen that ascorbic acid concentrations as low as 2X107 M can be determined with reasonable precision (The difference absorption coefficient z1E in this case is about 7000 M-' cm 1 at 425 nm, the pH-invariant isosbestic point.). The detectable limit of ascorbic acid is appreciably lower than that of the rate assay in the excess of ascorbic acid mentioned above.' Table 1 shows an example of the application of this method to natural samples. It should be noted that the rate constant kapp of each sample in the excess of DCIP is identical with that of ascorbic acid, indicating that this method is useful for a qualitative analysis of ascorbic acid.
Triose reductone (TR), which is formed from glucose and/or ascorbic acid during storage of drinks etc., has chemical properties very similar to those of ascorbic acid, and a mixture of these two compounds cannot be differentially determined, even by polarographic meth-14 However , the rate constant kapp of triose reductone is about 1/20 of that of ascorbic acid, which can be used for a differential analysis of these in their mixture by using DCIP in excess. The stopped-flow trace obtained with [DCIP]=50 µM, [AA]=1 µM and [TR]=4 µM, for example, showed a clearly biphasic progress (reaction) curve, and the AA value for ascorbic acid can easily be determined from the faster phase. In this way, a preferential determination of ascorbic acid in the presence of triose reductone (TR) (5 µM) was proved to be successful for an ascorbic acid concentration of 0. Green (in this article, the method using Malachite Green will be temporarily termed "Malachite Green method"). However, in these spectrophotometric methods, the procedures are rather tedious if the high sensitivity stated above is to be obtained; for example, a pre-concentration is needed, etc. We tried to apply the stopped-flow time difference technique for a highly sensitive and easy determination of inorganic phosphate to meet the requirement. As will be seen below, phosphate of the ppb level can be readily determined from a single trace of the stoppedflow reaction curve; by combining the solvent extraction technique, a sub-ppb level phosphate determination can be achieved with reasonable precision. 321 Determination of phosphate in ppb level with the Malachite Green method1516
This method is based on a reaction between Malachite Green and 12-MPA in an acidic media, accompanied by a color change (from orange yellow to green). One of the two reservoirs of the stopped-flow apparatus (see Fig. 7 below) contains a color-developing reagent (2.5X104 M Malachite Green, 0.05 M ammonium molybdate and 1.1 M sulfuric acid), and the other contains the phosphate sample solution to be determined, ammonium molybdate and sulfuric acid, kept for 15 min to form 12-MPA (the respective concentrations of ammonium molybdate and sulfuric acid are the same as those in the color-developing reagent described above). The solutions in the two reservoirs are mixed in the stopped-flow apparatus, and the absorbance change at 650 nm is recorded as a function of time. Typical examples of the progress curves are shown in Fig. 4(a) . The sigmoidal shape of the curve indicates the complexity of the reaction mechanism. However, for analytical purposes, a good calibration curve for the phosphate determination could be sufficient. After determining suitable conditions and procedures, an excellent calibration curve having a linearity of between 5 and 1000 ppb was successfully obtained by a fixed-time method; i.e., the difference between the absorbance change of the sample solution (AA) and that of the blank (AA0) at a fixed time ts, chosen appropriately (about 40 s in this case as shown in Fig. 4(a) ), is plotted against the phosphate concentration of the standard solutions, as can be seen in Fig. 4(b) . Each point in the figure is the average of three determinations; the standard deviation (SD) of AA of 0.002 O.D. was about 0.0003 O.D. From the results, the detection limit of phosphate is estimated to be 2 ppb, based on the 3XSD convention, which has been about 1 / 10 of those obtainable with an ordinary spectrophotometer. Figure 5 shows some progress curves for 30 ppb phosphate in the presence of varied concentrations of arsenate (HAs042-), which has been known to be a seriously interfering species for phosphate determination.
However, since the rate of reaction with phosphate is about 60 times as large as that with arsenate, arsenate cannot cause any disturbance in the present SFTDA method for the determination of phosphate, up to an arsenate concentration 20 times as large as the phosphate concentration. Table 2 summarizes the tolerance limit of arsenate and some other anions for phosphate determination using both the conventional" and present methods. It is clearly shown that the present method is much more superior, even in this respect, to the other one, the reference procedure in Table 2 . followed by the stopped-flow method. Typical examples of the stopped-flow traces obtained by mixing isobutyl alcohol solution of SnCl2 (0.4 g SnC12.2H2O in 100 ml isobutyl alcohol, oxygen excluded) with equal volume of isobutyl alcohol extract of 12-MPA (phosphate in 500 ml water was converted to 12-MPA and extracted with isobutyl alcohol of 20 ml) are shown in Fig. 6(a) . The reaction is much faster than that of the Malachite Green method mentioned in 3.2.1, and obeys first-order kinetics. The difference between the absorbance change of the sample at 730 nm (AA) and that of the blank (AAo) can, thus, be more easily and unequivocally determined.
The calibration curve, (AA-AAo) versus the phosphate concentration plot is linear between zero and 5 ppb, as can be seen from Fig. 6(b) . Since the value for a blank is much lower than that in the case of the Malachite Green method (3.2.1), a much more sensitive determination (the limit of detection of 0.3 ppb) is possible.
This method was applied to determine the phosphate content in tap water. The relative standard deviation (the coefficient of variation) was less than 3%, and the recovery of 20 ppb phosphate was 100±6%.
Proteins
In analyses of biological substances, the determination of specific proteins or the total protein content is one of the most important subjects. Currently, several spectrophotometric methods involving different principles have been routinely used. However, very few of them meet the ideal requirements with respect to rapidity, sensitivity, nonsusceptibility to the amino acid composition of proteins, and insensitivity to the interference of other compounds. The Lowry method, using a color-developing reagent (phenol reagent), is one of the most sensitive methods, but it is largely dependent of the content of aromatic amino acids of proteins and is susceptible to the interference of various compounds. The biuret method and the micro-biuret method are based on a spectral change caused by the chelating reaction of peptide bonds with copper ions, so that protein-to-protein variation is minimal. Nevertheless, the sensitivity is low (about 1 / 15 of that of the Lowry method) even in the micro-biuret method using 270 nm, where the sensitivity is increased nearly sixfold, instead of 540 nm in the original biuret method. Moreover, the micro-biuret method is still susceptible to interference by certain amino acids and peptides, and the large background absorbance at 270 nm prevents a precise measurement of small absorbance changes at low protein concentrations. As was described in the former sections, these difficulties may be overcome by the use of the SFTDA method.
The dye-binding method of Bradford19 is the most sensitive one for a limited number of proteins, but its serious disadvantage is that there is a wide variety in sensitivity, depending on the specificity and binding strength of the protein to be determined. Thus, the utility of this method is rather specific and not universal.
In this article, two examples of an effective use of the SFTDA method, applied to the micro-biuret method and the dye-binding method, to improve the sensitivity, and also the selectivity in some cases, are outlined below.
Micro-biuret method20
The color-developing reagent (the final concentrations are CuSO4.5H2O 0.2%, NaOH 15%) was mixed with an equal volume of a sample protein solution (10-2000 µg protein in 15% NaOH of 4 ml, kept at 25°C for 30 min) in a stopped-flow apparatus. The absorbance change at 280 nm (better than 270 nm where the background absorbance is higher) was recorded as a function of time for about 5 s.
The protein concentration can be determined from the calibration curve, based on the difference between the absorbance change (AA) at 0.02 s and that at 2 s, obtained from the reaction curve. The calibration curve is linear from zero to 1000 µg/ ml protein. The detection limit for bovine serum albumin (BSA) is 4 µg/ ml, comparable to that of the Lowry method; hence, the sensitivity of the conventional micro-biuret method was improved by a factor of about four. The most remarkable feature of this SFTDA method is that it is almost free from interference from coexisting materials, including trisbuffer components and small peptides, since di-or tripeptides like glycylglycine react much faster than proteins (more than ten-fold), and can be excluded by taking the time difference between 0.02 s and 2 s (as stated above). 332 Dye-binding method21
The dye-binding method by Bradford using Coomassie Brilliant Blue G250 is superior to other dye-binding methods in its simplicity, sensitivity and lack of interference by impurities.
However, the large background absorbance (about 0.5 O.D.) is sometimes the origin of serious errors and reduces its precision and sensitivity. The SFTDA technique applied to the Bradford method for determining bovine serum albumin (BSA) and urinary total protein has shown that the time course of an absorbance change as low as 0.002 0. D. can be measured, even with a large background absorbance with reasonable precision. The calibration curve is linear between zero and 10 µg/ ml protein. The detection limit for BSA was estimated to be 0.06 µg/ ml (=3XSD), which is about 1 / 7 of that of the conventional Bradford method and 1 / 20 of the widely used Lowry method. Table 3 summarizes the detection limits of BSA by several spectrophotometric methods for protein determination, including the SFTDA ones mentioned above. In analytical chemistry of biologically important substances, the role of enzymes cannot be overemphasized. Thus, in clinical chemistry, the specificity and the high catalytic activity of enzymes are most effectively utilized. The diagnosis of diseases involves a determination of specified target dialyzable compounds, on the one hand, and the measurement of enzyme activities, on the other. The former effectively utilizes the enzyme specificity mainly as the end-point assay, whereas the latter is a typical rate assay.
In clinical analyses, the improvement in rapidity and sensitivity of every determination is the most important and urgent problem.
In fact, highly sensitive and specific determinations of dialyzable substances using enzymes are going to replace conventional (or classic) chemical methods. The high sensitivity can decrease the volume of blood samples from patients in proportion to an increase in sensitivity. Fluorescence and chemi-luminescence methods are greatly appreciated in this sense. The SFTDA method should be useful in enhancing the sensitivity in the absorbance measurements, which had been thought to be much less sensitive than the luminescence methods.
A reduction in the volume needed for a measurement is important for saving the amounts of both the sample to be analyzed and the enzyme to be employed. In the conventional stopped-flow apparatuses, the minimum volume of each solution introduced into the reservoir is about 2 to 5 ml; 100 to 300 µl of each solution is used for one run. These minimum necessary volumes of samples and enzymes have often been a serious obstacle for biochemists dealing with precious samples, preventing them from using the stopped-flow method, in spite of their ardent necessities and high evaluation of the method.
A trial to build a micro-stopped-flow apparatus in which only 1 / 10 of the sample volume (amount) has thus been made.
To the authors' knowledge, at least, two papers have come out before ours, about the micro-stopped-flow apparatuses.22,23 Unfortunately, however, both of them are not very easy to operate and the performances are not as good as those of the conventional macro-apparatuses.
We have been successful in manufacturing two types of micro-stopped-flow apparatuses, which can be operated easily and have performances comparable to those of conventional macro-aparatuses. An outline of the construction and performance, and the applications of the apparatuses to clinical chemistry are described below. 4 runs can be made. The construction of the apparatuses is essentially the same as that of the conventional macro-apparatuses, as can be seen in the sketch shown in Fig. 7 . One type (Type I) has dual-beam optics: the two beams pass through the sample solution and air, respectively. Two silicon photo-diodes similar to those of the detection system used in high-performance liquid chromatographic apparatuses are employed to compensate for any fluctuation of the light source. The time constant of the amplifier is about 10 ms; this apparatus is suitable for following slow reactions (longer than seconds), rather than fast reactions, since the output signal is stable for a long time, owing to the dual-beam optics. The other type (Type II) has single beam optics as in the conventional macro-apparatuses, a detection system of high response using a head-on type photomultiplier (the time constant being about 0.1 ms), and a quartz cell of 10 mm optical path (inner size of vertical section, 1 mmX 1 mm square). 24 To obtain a higher sensitivity in fluorescence measurements, the side window (10-mm length and 1-mm width) was lined by a mirror on the outside of the cell, which is very effective in enhancing the fluorescence intensity to be detected. In both types of the micro-apparatuses, a couple of Hamilton micro-syringes (100 µl) are used for driving the solutions introduced from the reservoirs with a couple of three-way cocks. The delivery of each solution can be achieved in five or six steps by the use of a stopping pin or plate; each step delivers about 17 µl solution. Thus, with a 200 tl sample solution, about ten measurements can be made.
The inner diameter of the flow line is 0.5 mm, except for the cell (1 mm square in Type II and 1 mm diameter in Type I), and a T -jet mixer used can give a sufficient mixing efficiency.
Nitrogen gas is used to drive the two micro-syringes simultaneously.
The dead time of the Type-II apparatus, determined by the method of Nakatani and Hiromi8, was 4.5 and 3.2 ms for one-and two-step delivery (17 and 35 µl), respectively, with a driving gas (N2) pressure of 6 kg/ cm2. These values are of the same order of magnitude as the conventional macroapparatus when a cell of 10-mm optical path is used, even though only 1 / 10 of the sample amount is sufficient in the micro-apparatuses.
The prominent usefulness of the micro-stopped-flow apparatus of Type-II has been demonstrated in kinetic studies of several enzyme reactions.25-2' Details concerning the micro-apparatuses will be published elsewhere.
For further details concerning stopped-flow techniques and fields of applications, reader may refer to various review articles28,29 and a monograph. 30 
Application to clinical chemistry
The above-mentioned SFTDA method can generally be used with the micro-stopped-flow apparatuses. In this section, some examples of the end-point and rate assays concerned with enzymes are described. 4.2.1 Determination of pyruvate using lactate dehydrogenase31
Lactate dehydrogenase (EC 1.1.1.27, abbreviated to LDH) catalyzes the following reaction:
where NAD+ and NADH are the oxidized and reduced forms of the coenzyme, nicotinamide adenine dinucleotide, respectively. NADH has an absorption maximum at 340 nm (the molar absorption coefficient, E, about 6000 M-' cm-'), whereas NAD+ does not. Thus, the absorbance change (increase or decrease) at 340 nm is usually used to follow the time course of the forward or reverse reactions of Eq. (2). By using this dehydrogenase-NADH system, an end-point assay of lactate or pyruvate can be made. The equilibrium of the reaction (Eq. (2)) is largely inclined towards the left-hand side, the reactants involving NAD+ (the equilibrium constant K being 2.8X106 at pH 7, 25° C), The apparatus can be divided into two main parts: the fluid driving-mixing system (A) and the optical detection system (B). The system A contains: reservoirs (R), three-way cocks for switching flow lines (FC), driving syringes (DS), a mixer (MX), an observation cell (optical path of 2 or 10 mm) (C) with quartz windows (CW), a waste (D), N2 gas inlet (G), a gas cylinder (GS) for driving the driving block (DR), to which the two pistons of DS's are attached, a stopper (SP) of DR (a pin or a plate), and a trigger cable for starting the driving (TC). The system B contains: a light source convertible for visible and UV regions (L), a monochromator (M), a photomultiplier (PM), a power supply and a controlling interface (CI), an operating, dataprocessing and monitoring system (DP-MR), and a recorder (RC). This figure represents both macro-and micro-stoppedflow apparatuses.
The main difference between the two resides in the minimum necessary volume of sample solutions. which is rather common for most dehydrogenases. Therefore, a determination of lactate is much less efficient than that of pyruvate by the use of the forward reaction and the reverse reaction, respectively. In other words, the determination of pyruvate in the presence of excess NADH with the enzyme LDH can be achieved almost stoichiometrically.
In this case, however, a small decrease in the absorbance, AA, on the large background absorbance, A, at 340 nm, due to a large excess of NADH, must be measured. By the use of ordinary (double-beam) spectrophotometers, it is difficult to obtain good precision in measurements of this kind. In this case, the SFTDA method is quite useful for the reason already stated, with which pyruvate in the concentration range of 10-' M can be determined with good precision.31 When the micro-stopped-flow apparatus is used, the volumes and amounts of the relevant samples can be reduced a great deal. Table 4 shows a comparison of the precision, the minimum volume necessary for measurements, and the minimum detectable amount of the sample, pyruvate, between absorbance change measurements by the conventional spectrophotometry and the SFTDA method with the micro-stopped-flow apparatus, in a determination of pyruvate of 4 and 10 µM. The superiority of the latter method regarding all items is evident. For example, 0.06 nmol (60 pmol) of pyruvate in a 0.2-ml solution can be determined by 10 repeated measurements (ten runs with 0.2-ml sample solutions) , which certainly improves the precision and reliability . In contrast, in the conventional spectrophotometric method, the minimum detectable amount for one measurement is 6 nmol.
Determination of enzyme activity32
As an example of a determination of enzyme activity by rate assay, the time courses (the progress curves) of LDH-catalyzed conversion of pyruvate to lactate in the presence of excess NADH are shown in Fig. 8 . By using 0.2 ml of an LDH solution, an observation for 5 s can afford a fast, sensitive determination of the enzyme activity.
In some cases, more than one enzyme reaction can be coupled to yield absorbance or fluorescence change. For example, hexokinase activity can be determined by coupling a sufficient amount of glucose-6-phosphate (G-6-P) dehydrogenase and NADP+, nicotinamide adenine dinucleotide phosphate, which converts quickly the produced G-6-P from glucose into glucono-l ,5-lactone-6-phosphate and NADPH, with a concomitant increase in absorbance at 340 nm.
Comments on the use of the micro-stopped-flow apparatus in clinical chemistry
In principle, it may be possible to combine an 
